abstract: During human spermiogenesis, chromatin condensation is associated with replacement of histones by protamines. This exchange is supported by acetylated histones and chromatin remodelling factors. Ten chromatin remodelling factor protein families are known. This study aims to analyse whether a different chromatin remodelling factor expression pattern exists between normal spermatogenesis and round spermatid maturation arrest as potential reason for impaired spermatogenesis and idiopathic male infertility. Laser capture microdissection was used to excise seminiferous tubules from testicular biopsies with normal spermatogenesis and round spermatid maturation arrest. RNA was isolated, first strand cDNA synthesis and pre-amplification were performed using Epigenetic Chromatin Remodelling Factors PCR arrays with 84 genes. Applying hierarchical cluster analysis, three gene expression clusters with six subgroups were identified. The expression pattern ranges from a few high expressed genes in round spermatid maturation arrest to a multitude of genes (74) which are more highly expressed in normal spermatogenesis than in maturation arrest. A total of 22 genes showed a significant difference between normal spermatogenesis and round spermatid maturation arrest (1 gene was up-regulated and 21 genes were down-regulated in the developmental arrest). The significantly different expression of chromatin remodelling factors between normal spermatogenesis and round spermatid maturation arrest may lead to impaired epigenetic information and aberrant transcription during sperm development representing one possible reason for developmental arrest of round spermatids.
Introduction
During human spermatogenesis, a complex chromatin remodelling occurs when core histones and linker histones are replaced first by transition proteins and then by protamines in spermatids from Step 3 to Step 5 (reviewed in Steger, 1999; Kimmins and Sassone-Corsi, 2005) . This exchange is supported by the presence of acetylated histones (Christensen et al., 1984; Grimes and Smart, 1985; Davie, 1998) and chromatin remodelling factors (Rousseaux et al., 2008) . To date, 10 chromatin remodelling factor protein families are known: SWI/SNF complex components, polycomb-group genes, chromobox/heterochromatin protein 1 (HP1) homologues, bromodomain proteins, chromodomain/helicase/DNA-binding domain (CHD) proteins, nucleosome remodelling and histone deacetylase (NuRD) complex components, plant homeodomain (PHD) proteins, inhibitor of growth (ING) family members, methyl-CpG DNA-binding domain (MBD) proteins and the CCCTC-binding factor (zinc finger protein).
Eight families have already been demonstrated to be present during spermatogenesis: in fruit fly and mouse, polycomb-group genes participating in a multimeric complex which is necessary for keeping homeotic genes repressed have been observed (Dietzel et al., 1999; Jacobs et al., 1999) . It has been reported that the mammalian polycomb repressive complex 1 is highly conserved between species (Levine et al., 2002) and involved in recognition of trimethylated histone H3K27 Lee et al., 2006; Fujimura et al., 2006) . The heterochromatin protein 1 (HP1-family), which has been demonstrated to be present during spermatogenesis, exhibits binding to methylated lysine residues (H3K9) and is involved in epigenetic gene silencing (Hoyer-Fender et al., 2000; Fischle et al., 2008) . In addition, the murine HP1b homologue M31 has been suggested to be involved in higher order organization of sperm DNA (Hoyer-Fender et al., 2000) . Another family, the bromodomain proteins, is highly expressed in testis and involved in transcriptional activation, silencing, mRNA splicing, DNA replication, chromosome organization and chromatin remodelling (Shang et al., 2004; Philipps et al., 2008) . BRD2 and BRDT are known to bind acetylated lysine residues Kanno et al., 2004; Morinière et al., 2009) . During spermatogenesis, chromodomain proteins are implicated in histone modification and recognition and in the regulation of transcription of co-repressor complexes (Lahn et al., 2002; Kim et al., 2006; Fischle et al., 2008) . The chromodomain protein CDYL is able to bind co-enzyme A and histone deacetylases (HDACs; Caron et al., 2003) . NuRD complex components are involved in the regulation of testicular function and in gene silencing (Jiang et al., 2002) . Some family members contain a methyl-CpG-binding domain (MBD; Jiang et al., 2002) and, therefore, are also members of the methyl-CpG DNAbinding domain protein family. Another family, the plant homeodomain (PHD) proteins, is implicated in the regulation of chromatin structure and function (Nair et al., 2008) . A member of the last 'family', the CCCTC-binding factor CTCF, is involved in transcriptional silencing or activating in a context-dependent fashion and its paralogue BORIS is expressed solely in testis (Klenova et al., 2002) .
In the present study, we analysed the mRNA expression of 84 chromatin remodelling factors in seminiferous tubules exhibiting normal spermatogenesis and round spermatid maturation arrest in order to evaluate whether gene expression pattern of remodelling factors is causally involved. Aberrant gene expression is a potential reason for maturation arrest and male infertility. We used laser capture microdissection (LCM) to excise tubules from testicular biopsies with normal and impaired spermatogenesis (round spermatid maturation arrest) and performed 14 Epigenetic Chromatin Remodelling Factors PCR arrays.
Materials and Methods

Testicular tissue
All samples used in this study were obtained during routine diagnostic testicular biopsy and/or therapeutic testicular sperm extraction due to male infertility after patients signed written informed consent. Testicular biopsies were removed from 12 infertile men with obstructive or nonobstructive azoospermia (for indication see Bergmann and Kliesch, 2010) . All samples were divided into two parts, one for tissue preserving by freezing to 21968C in liquid nitrogen and the other for Bouin fixation and paraffin embedding. After eosin-haematoxylin staining of paraffin samples, biopsies were histologically evaluated and classified as normal spermatogenesis (n ¼ 6, scores 8 -10) or mixed atrophy (n ¼ 3, scores 1 -7) and spermatid maturation arrest (n ¼ 3, score 0, according to Bergmann and Kliesch, 2010) . For LCM and RNA isolation, testicular biopsies were stored at 2808C.
LCM and RNA isolation
Testicular biopsies were prepared at 10 mm thickness under RNase-free conditions using a cryostat (Leica, Wetzlar, Germany) at 2208C and mounted on RNase-free membrane-coated slides (Carl Zeiss Microimaging GmbH, Bernsried, Germany). Before microdissection, sections were fixed in 70% RNase-free ethanol and stained with filtered cresyl violet acetate (Merck, Darmstadt, Germany) for 30 s each. Consecutively, sections were dehydrated with a graded series of ethanol (96-70%) and immediately used for microdissection. Eighty to 100 seminiferous tubules of each patient were dissected using a LCM system (Palm Micro Beam, Carl Zeiss Microimaging GmbH) to avoid contaminations with somatic cells except for Sertoli cells (Fig. 1 ). In samples with normal spermatogenesis, we dissected tubules with elongating spermatids and mature sperm and in samples with mixed atrophy or spermatid maturation arrest, we excised tubules exhibiting round spermatid maturation arrest. As seminiferous tubules exhibiting round spermatid maturation arrest contain fewer cells, we collected more tubules with round spermatid maturation arrest.
All reagents used in this procedure were prepared with diethylpyrocarbonate (DEPC) treated water. Total RNA was isolated from the LCM samples using a RNA extraction kit (PicoPure TM RNA Isolation Kit, AlphaMetrix Biotech, Rö dermark, Germany) following the manufacturer's instructions, including a DNase digestion (RNase-free DNase set, Qiagen, Hilden, Germany). RNA concentrations were determined using a spectrophotometer (NanoDrop ND-1000, Peqlab, Erlangen, Germany). Quality of the RNA was determined with Experion (Experion, RNA HighSens Analysis Kit, Bio-Rad, Munich, Germany). The RNA quality indicator showed values between 3.3 and 6.8.
All RNA samples were diluted to a concentration of 1 ng/ml. cDNA synthesis was performed according to manufacturer's instructions (RT 2 Nano
PreAmp cDNA Synthesis Kit, BIOMOL, Hamburg, Germany). cDNA was pre-amplification with RT 2 Nano PreAmp cDNA Synthesis Primer MixHuman Epigenetic Chromatin Remodelling Factors (BIOMOL) in order to increase the amount of cDNA for selected genes. Furthermore, 14 RT 2 Profiler PCR Arrays for Epigenetic Chromatin Remodelling Factors were performed (normal spermatogenesis, n ¼ 7; round spermatid maturation arrest, n ¼ 7), according to the manufacturer's instructions (BIOMOL), including a human genomic DNA contamination control, a reverse transcription control and a positive PCR control. One sample of every group was used twice to check the reproducibility of the experiment.
Real-time PCR and statistical evaluation
Values recorded for quantification were the fractional cycle numbers (Ct) where the background corrected amplification curves crossed a threshold value. Subsequently, candidate reference genes have been selected using GeNorm (Vandesompele et al., 2002) and Normfinder software (Andersen et al., 2004) . Applying GeNorm software, ACTB and GAPD were determined as best combination of two reference genes (M-value ¼ 0.84). Normfinder software determined RPL13A as the most stable reference gene with lowest variability examined (variability of the gene: 1.1). For further realtime RT-PCR data analysis, we combined GAPDH, ACTB and RPL13A as reference genes. Ct values were normalized to the three reference genes and relative expression levels were calculated using the GenEx pro 4.3.7 software (Multid Analyses AB Copyright&) and transformed to log2 scale. In addition, the means of the relative expression levels of the normal spermatogenesis group and the round spermatid maturation arrest group were calculated and the difference was hierarchical clustered using squared Euclidian distance and Ward method. Furthermore, all genes were analysed by Kolmogorov-Smirnov test and two-tailed P-test to detect normal distribution and significant differences between the two groups.
Results
In the present study, we analysed the mRNA expression of 84 chromatin remodelling factors in seminiferous tubules exhibiting normal spermatogenesis and round spermatid maturation arrest in order to Expression of chromatin remodelling factors during spermatogenesis detect differences in the expression pattern of these factors between the two groups. Applying hierarchical cluster analysis, we identified three gene clusters (Fig. 2) . Cluster 1 contains three subgroups. One group (yellow) includes genes with little difference in expression between normal spermatogenesis and round spermatid maturation arrest [difference of means (DM): 0.0-0.45; CHD7, ZMYND8, ING5, SMARCA2, ING3, BAZ1B, MBD3, MIZF, PHF5A, BRD7, INO80, CHD1, PHF1, BAZ2B, MBD2, CHD6, PCGF3, PHF13, SUZ12 and ING4). The second subgroup (pale green) contains genes with increased expression in round spermatid maturation arrest (DM: 20.1 to 20.6; BRD4, CHD9, MTA2, CDYL, TRIM27, BPRF3, ARID1A and NAB2). The third subgroup (dark green) reveals highly expressed genes in round spermatid maturation arrest (DM: 21.0 to 21.5; BRWD3 and CBX6).
Cluster 2 comprises two subgroups (pale orange and dark orange) with average differences in expression between normal spermatogenesis and round spermatid maturation arrest, whereas expression is higher in normal spermatogenesis (DM: 0.46 -1.0; RNF2, SMARCA4, BRD2, CDYL2, CTBP2, CBX4, PHF6, BPTF, CBX8, CBX1, CTBP1, PHF3, SPEN, CHD6, MECP2, CBX7, CTCF, CHD4, CBX5, BRD3, PCGF2, BAZ2A, ASXL and ING2; DM: 1.1 -1.6; BAZ1A, CHD3, BRPF1, CBX3, MBD1, PHF21B, PBRM1, EED, BRWD1, CHD2, BRDT, BRWD2, PHC1, BRD1 and RING1). Cluster 3 (red) contains highly expressed genes in normal spermatogenesis compared with round spermatid maturation arrest (DM: 1.7-2.4; PCGF5, PHF7, EZH2, BMI1, NSD1, CHD5, PHC2, PCGF6, PHF21A, BRD8, PCGF1, MBD4, ING1, MTA1 and PHF2). In summary, 74 out of 84 genes revealed higher expression in normal spermatogenesis than in round spermatid maturation arrest.
Furthermore, the significance of the different expression between normal spermatogenesis and round spermatid maturation arrest was examined. Twenty-two genes (Fig. 2) showed a significant difference in expression between the two groups: in Cluster 1: BRDW3 (Fig. 3A) ; in Cluster 2: CTCF (Fig. 3B) , BAZ2A, BAZ1A, CHD3, BRPF1, PBRM1, EED and RING1 and in Cluster 3: PCGF5, PHF7, EZH2, BMI1 (Fig. 3C) , NSD1, CHD5, PCGF6, PHF21A, PCGF1, MBD4, ING1, MTA1 and PHF2. Three of these genes (BRWD3, PCGF5 and PCGF6) exhibit no normal distribution in one group (Kolmogorov-Smirnov test).
Discussion
In the present study, we investigated the mRNA expression of 84 chromatin remodelling factors in seminiferous tubules displaying normal spermatogenesis and round spermatid maturation arrest and identified three gene expression clusters containing six subgroups. The first cluster includes genes which reveal either higher expression in round spermatid maturation arrest than in normal spermatogenesis or only little differences between these two groups. Owing to the low expression in normal spermatogenesis, these genes may not play important roles during spermatogenesis and could be aberrantly expressed in round spermatid maturation arrest. The second cluster comprises genes with a different expression pattern between the two groups. The third cluster contains genes which are highly expressed in normal spermatogenesis. Owing to the high expression in normal spermatogenesis, these genes may have important functions during spermatogenesis. Wawrzik et al. (2009) also found three main expression clusters of chromatin remodelling and other epigenetic factors in human germ cells. Their Cluster 1 summarizes genes with average difference in expression and includes amongst others MBD3, MECP2 and CTCF. In our study, MBD3 also belongs to Cluster 1, whereas MECP2 and CTCF belong to Cluster 2 with average differences in expression. In addition, Wawrzik et al. (2009) found a cluster with up-regulated genes before or at early meiosis including amongst others MBD1, MBD2, MBD4 and EZH2. Concerning MBD4 and EZH2, our results are in line with their data. However, in our study, MBD1 shows average difference in expression whereas MBD2 reveals only a small difference. We assume that differences in the expression pattern between both studies are caused by different preparation methods. (Wawrzik et al., 2009: 2.0-10.0, our data: 0.6 -4.8 ). In addition, Wawrzik et al. (2009) proposed that some genes reveal germ-cell-specific and somatic isoforms and it depends on the binding site of the primers which isoform is analysed. On the basis of our workflow, it was not possible to distinguish between different isoforms.
We identified 22 significantly different expressed genes between normal spermatogenesis and round spermatid maturation arrest: PBRM1 is a member of the SWI/SNF family and a subunit of the PBAF (Polybromo, Brg1-Associated Factors) chromatin remodelling complex. It is required for kinetochore localization during mitosis and binds acetylated histone 3 (Chandrasekaran and Thompson, 2006; Thompson, 2009) . During mouse spermatogenesis, acetylated histone 3 marks imprinting control regions preceding the histone-toprotamine exchange .
In the polycomb-group, we detected PCGF1, PCGF5, PCGF6, BMI1, EED, EZH2 and RING1. PCGF1, BMI1 and RING1 belong to the polycomb repressive complex 1 (Pr1) and EED and EZH2 to the polycomb repressive complex 2 (Pr2) (Levine et al., 2002; Balasubramanian et al., 2009) . PCGF1, RING1 and BMI1 are important for embryo development, involved in Hox gene silencing and catalyse the ubiquitylation of histone H2A, as has been demonstrated by Satijn et al. (1997) , del Mar Lorente et al. (2000) and Sánchez et al. (2007) . Ubiquitylation of H2A was found in elongating mouse spermatids and may play a role during histone-to-protamine replacement (Baarends et al., 1999) . In addition, BMI1 is supposed to be a key regulator of stem cell self-proliferation and is expressed in spermatogonia type A . Repression of BMI1 resulted in inhibition of spermatogonial proliferation . We detected decreased expression of BMI1 in round spermatid arrest patients which is in line with the observation that decreased mitotic activity of spermatogonia is associated with low spermatogenic efficiency in infertile men (biopsies with mixed atrophy including round spermatid maturation arrest) (Steger et al., 1998) . EED and EZH2 mediate gene silencing through trimethylated histone 3 at lysine 27 and, therefore, are essential developmental regulators (Chamberlain et al., 2008) . EZH2 has been suggested to represent a biomarker for germ cells, as expression decreases with increased severity of spermatogenic defects and was found zero in Sertoli cell only (SCO) syndrome (Hinz et al., 2009) . Therefore, our data are in line with the proposed relationship, as EZH2 expression is decreased in round spermatid maturation arrest.
BRPF1, BAZ1A, BAZ2A and BRWD3 belong to the bromodomain protein family. Laue et al. (2008) described that BRPF1 is involved in Hox gene expression and binds histones by its bromodomain. Bromodomains are known to bind acetylated histones during chromatin remodelling in mouse spermatogenesis (Morinière et al., 2009) .
In the chromodomain/helicase/DNA-binding family, we identified CHD3 and CHD5. CHD3 acts as a transcriptional repressor in Arabidopsis, as has been identified by Ogas et al. (1999) . Studies from Sillibourne et al. (2007) showed its involvement in cell morphology, nuclear centration and microtubule organization in yeast. These processes are also important in mitotic and meiotic divisions during spermatogenesis.
CHD3 and MTA1 are part of the NuRD complex. In mouse, Mta1 is expressed in testis in the nucleus of spermatogonia and primary spermatocytes (Li et al., 2007a, b) . In human, MTA1 is expressed in primary spermatocytes and round spermatids (Li et al., 2007a) .
A dramatic loss of Mta1 expression was found in pachytene spermatocyte-arrested mouse testis (Li et al., 2007b) . Our study indicates a decreased MTA1 expression in round spermatid maturation arrest.
Four plant homeodomain proteins were found: NSD1, PHF2, PHF7 and PHF21A. NSD1 is a histone methyltransferase implicated in transcriptional regulation (Baujat and Cormier-Daire, 2007) . PHF7 is expressed with a high level in human and mouse testis (Xiao et al., 2002) . The expression is restricted to Sertoli cells and is present in spermatogenic arrests at the level of primary spermatocytes or spermatids or in SCO syndrome, as has been demonstrated by northern blot analysis (Xiao et al., 2002) . In general, this finding is in line with our observation, but we found lower expression in round spermatid maturation arrest than in normal spermatogenesis suggesting modified gene expression in Sertoli cells associated with spermatogenic arrest. PHF21A is a transcription factor of the BRAF -HDAC complex, binds unmethylated H3K4 (Lan et al., 2007) and is predominantly present in mouse central nervous system and testis (spermatogonia, spermatocytes and round spermatids; Iwase et al., 2004) . This finding coincides with our observation that PH21A is expressed in normal spermatogenesis and in spermatogenic arrest.
In the inhibitor of growth family, we substantiate ING1 and RING1. ING1 is a tumour suppressor and interacts with histone acetyltransferases and deacetylases (Cheung and Li, 2001; Feng et al., 2002) which are involved in histone hyperacetylation and replacement during mouse spermatogenesis (Hazzouri et al., 2000) . In our study, the observed decrease in ING1 expression in round spermatid arrest may lead to impaired histone acetylation.
In addition, we identified MBD4 (methyl-CpG-binding domain family). Bellacosa (2001) characterized MBD4 as a candidate tumour suppressor which is involved in DNA mismatch repair. Several DNA mismatch repair genes have been described to participate in meiotic recombination during spermatogenesis (Terribas et al., 2010) . Their expression decreases in spermatogenic failure, such as hypospermatogenesis, and is lowest in maturation arrest at the spermatocyte level (Terribas et al., 2010) . In our study, MBD4 expression is reduced in maturation arrest at the round spermatid level, which fits with data of Terribas et al. (2010) .
Furthermore, we identified the CCCTC-binding factor CTCF which has important roles in transcriptional repression, insulator function and imprinting, as has been described by Dunn and Davie (2003) . Interestingly, it is down-regulated in the male germ-line, but present in capacitated sperm (Loukinov et al., 2002; Tang and Chen, 2006) .
It is conspicuous that many of the 22 chromatin remodelling factors are involved in essential processes during spermatogenesis and aberrant expression is often associated with spermatogenic defects. Whether the observed differential expression profiles represent cause or consequence of round spermatid maturation arrest remains to be elucidated. However, we suggest that stop of spermatid development is caused by aberrant gene expression, as affected genes are essential for spermiogenesis. In this case, it is possible that only a small number of genes are responsible for the developmental arrest and that the phenotype only consists of defects in spermatogenesis.
A different gene expression pattern as a consequence of round spermatid maturation arrest would only be logical for genes which were expressed from the round spermatid stage onwards. However, as transcription stops when round spermatids develop into elongating spermatids (reviewed in Steger 1999), there is just a short timeframe left for gene expression. We therefore suggest that this possibility is less likely.
We are aware of the fact that different expression patterns between seminiferous tubules exhibiting normal spermatogenesis and round spermatid maturation arrest may be caused by the absence of elongating spermatids in the latter and could just reflect the stage of spermatogenic arrest. However, it is known that transcription stops, as soon as round spermatids start to elongate (reviewed in Steger, 1999) . As a consequence, mRNA content in spermatids is comparable to that in spermatozoa (Ostermeier et al., 2002) . However, the amount of different mRNAs could be changed, as the proportion of spermatids to spermatozoa is different between normal spermatogenesis and round spermatid maturation arrest tubules. As mRNA transcripts were translated in elongating spermatids and spermatozoa and no further transcripts were produced, we assume that there would be less mRNA from most of the genes in normal spermatogenesis tubules with all stages of spermatids and spermatozoa than in round spermatid arrest tubules with round spermatids only. Our study demonstrates higher expression of 74 out of 84 genes in normal spermatogenesis. This means that the amount of mRNA transcripts was lower in round spermatid arrest tubules due to lower gene expression than in normal spermatogenesis tubules where mRNA transcripts decrease due to translation. This suggests that the different proportion of spermatogenic cells and in particular the absence of elongating spermatids in tubules with round spermatid maturation arrest has not necessarily impact on our PCR array data.
In conclusion, the significantly different expression of 22 chromatin remodelling factors between normal spermatogenesis and round spermatid maturation arrest may lead to impaired epigenetic information and aberrant transcription during sperm development representing one possible reason for the maturation arrest in round spermatids.
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